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ABSTRACT  9 
Finfish aquaculture has damaged seagrass meadows worldwide as wastes from the farms 10 
can kill these habitat-forming plants. In Cyprus, the Mediterranean endemic Posidonia oceanica is 11 
at its upper thermal limits yet forms extensive meadows all around the island. Understanding this 12 
under-studied isolated population may be important for he long-term survival of the species given 13 
that the region is warming rapidly. When fish farming began around Cyprus in the 90s, cages 14 
were moored above seagrass beds, but as production expa ded they were moved into deeper water 15 
further away from the meadows. Here, we monitored th  deepest edge of meadows near fish farms 16 
that had been moved into deeper waters as well as at a decommissioned farm site. Four P. 17 
oceanica monitoring systems were set up using methods developed by the Posidonia Monitoring 18 
Network. Seagrass % coverage, shoot density, % of plagiotropic rhizomes, shoot exposure, leaf 19 
morphometry, and sediment organic matter content and grain size were monitored at 11 fixed 20 
plots within each system, in 2012-2014 and in 2017. Expansion at the lower depth limit of 21 
seagrass meadows was recorded at all monitoring sites. Most other P. oceanica descriptors either 22 
did not change significantly or declined. Declines were most pronounced at a site that was far 23 
from mariculture activities but close to other anthropogenic pressures. The most important 24 
predictor affecting P. oceanica was depth. Monitoring using fixed plots allowed direct 25 
comparisons of descriptors over time, removes patchiness and intra-meadow variability increasing 26 
our understanding of seagrass dynamics and ecosystem in grity. It seems that moving fish farms 27 
away from P. oceanica has helped ensure meadow recovery at the deepest margins of their 28 
distribution, an important success story given thatese meadows are at the upper thermal limits 29 
of the species. 30 
 31 
Keywords: aquaculture; bioindicators; Cyprus; ecological monitoring; ecosystem change; eastern 32 
Mediterranean; seagrass. 33 
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1. INTRODUCTION 36 
Seagrasses are major contributors to human well-being and the economies of coastal 37 
countries (Barbier et al., 2011; Campagne et al., 2015; Dewsbury et al., 2016). Their meadows are 38 
among the most productive ecosystems on Earth but are declining at unprecedented rates 39 
(Waycott et al., 2009; Costanza et al., 2014). They provide: coastal protecti n from erosion, by 40 
attenuating waves and stabilising sediments; water purification by assimilating nutrients and 41 
pollutants; transfer of matter and energy up trophic levels and sustaining fisheries; carbon 42 
sequestration to help mitigate climate change; and provision of complex habitat for enhanced 43 
biodiversity, which boosts tourism, recreation, education and research (Barbier et al., 2011; 44 
Campagne et al., 2015). However, there are multiple mounting pressures, including: sediment and 45 
nutrient runoff, physical disturbance, invasive species, disease, commercial fishing practices, 46 
aquaculture, overgrazing, algal blooms and global warming, which have caused major declines in 47 
seagrasses, raising awareness of the need to protect, monitor, manage and restore these habitats 48 
(Orth et al., 2006; Barbier et al., 2011).  49 
The endemic seagrass Posidonia oceanica (Linnaeus) Delile, 1813, forms one of the most 50 
important coastal ecosystems in the Mediterranean Sea. Its rhizomes propagate vertically as well 51 
as horizontally, producing reefs called “matte” that c n extend many meters down into the 52 
sediment and persist for millennia, resulting in the largest documented stores of organic carbon 53 
among seagrasses (Buia et al., 2004; Lo Iacono et al., 2008; Fourqurean et al., 2012; Lavery et al., 54 
2013). The seagrass forms meadows that can extend up to 15 km wide and clone for thousands, 55 
possibly tens of thousands of years (Arnaud-Haond et al., 2012). The structurally complex 56 
meadows are the climax stage of many upper subtidal bottoms extending from the surface down to 57 
depths of 40-45 m in oligotrophic clear waters; supporting hundreds of associated species (Piazzi 58 
et al., 2016). An estimated 34% of P. oceanica meadows died in the last half century, classifying 59 
the P. oceanica habitat as an ‘endangered’ ecosystem (Telesca et al., 2015).  60 
The Mediterranean coast is home to about 250 million people and supports about one third 61 
of all global tourism, which is anticipated to reach 0.5 billion arrivals per year by 2030 (Randone 62 
et al., 2017). Residents and tourists place a high demand on seafood. In the last two decades, there 63 
has been a dramatic growth in the Mediterranean aquaculture production expanding 64 
approximately 5% annually (Massa et al., 2017). Thedevelopment of fish aquaculture along the 65 
Mediterranean coasts has caused localised losses of P. oceanica (Delgado et al., 1997; Pergent et 66 
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al., 1999; Ruiz et al., 2001; Cancemi et al., 2003; Pergent Martini et al., 2006; Diaz-Almela et al., 67 
2008; Holmer et al., 2008; Pérez et al., 2008; Apostolaki et al., 2009). Several factors cause this 68 
damage including reduction of light under the cages (Ruiz et al., 2001), an increase in particulate 69 
matter and nutrient concentrations in the water, which can cause an increase in epiphyte biomass 70 
(Delgado et al. 1997), enhanced herbivory (Holmer et al., 2003), expansion of competitive 71 
opportunistic seaweed (Holmer et al., 2009), sulphide invasion into the roots (Frederiksen et al., 72 
2007), and high input of organic matter into the sediments (Cancemi et al., 2003; Apostolaki et al., 73 
2007; Diaz-Almela et al., 2008). Organic enrichment may be the most important factor as this can 74 
lead to anoxic and toxic benthic conditions causing high P. oceanica mortality (Pérez et al., 2008). 75 
Seagrass loss can continue even after several yearsof fish farming cessation as the matte itself 76 
begins to rot (Delgado et al., 1999; Apostolaki et al., 2010). Posidonia oceanica losses are 77 
considered irreversible over human time-scales, because it grows slowly (only 3-4 cm per year) 78 
and has extremely low natural colonization rates (Boudouresque et al., 2012). Although sexual 79 
reproduction rates are speeded up by warming, seedlings usually settle at the shallow boundaries 80 
of seagrass meadows (Balestri et al., 2017). Hence, the deep and exposed seagrass meadows near 81 
fish farms have the lowest recruitment rates limited o vegetative propagation and horizontal 82 
growth under low light conditions.  83 
Today, fish farm cages are moored 1-3 km off Cyprus in water depths of 22-75 m, 84 
cultivating mainly gilthead seabream (Sparus aurata Linnaeus, 1758) and European seabass 85 
(Dicentrarchus labrax Linnaeus, 1758). National mariculture production expanded from 210 86 
tonnes in 1994 to 6625 tonnes in 2016, now exceeding 80% of the total fisheries production (data 87 
from Department of Fisheries and Marine Research, Cyprus). The number of licenced units has 88 
remained the same for many years and the production increase is due to existing units that have 89 
expanded production, especially during the last deca . Most fish farms are within the Vasiliko-90 
Moni area in south Cyprus. Fish farming in the area st rted in the mid-1990s with small 91 
production units (100-300 tonnes per year), using floating cages starting at 22-28 m depth and 92 
over seagrass meadows. One of these units ceased operati ns soon after, the rest of the farms 93 
expanded and are now each licenced to produce 1000-8  tonnes per year. A prerequisite to 94 
receive expansion permits by the national authorities was to relocate cages in deeper water and 95 
further away from the P. oceanica meadows. Currently, the shallowest cages in Vasiliko-Moni 96 
area are found at the depth of about 37 m, but seagrass meadows still exist within the impact zone 97 
(<400 m) of aquaculture effluents (Holmer et al., 2008).  98 
Despite the temporal and spatial scale of this development, no studies have been 99 
conducted to evaluate the effects of the fish farm units to the adjacent P. oceanica meadows. In 100 
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this study, four P. oceanica observatory systems were established near major fish farms that have 101 
just relocated and expanded deeper and at a reference (decommissioned fish farm) site in the 102 
Vasiliko-Moni area. The aims were: to assess progression or regression of P. oceanica meadow’s 103 
edge, evaluate the changes in P. oceanica and sediment descriptors between the two sampling 104 
periods for each monitoring system and examine whether fish farm or environmental drivers are 105 
affecting these descriptors. Our study shows how fish arm impacts to seagrass beds can be 106 
monitored effectively, assisting integrated coastal m nagement decisions. 107 
2. MATERIALS AND METHODS 108 
2.1 Study area 109 
Four P. oceanica monitoring systems were set up using standardised m thods developed 110 
by the Posidonia Monitoring Network (PMN) (Boudouresque et al., 2000; Pergent, 2007) at the 111 
warmest and easternmost geographic limits of P. oceanica. Three systems were deployed at the 112 
regressive lower limits of seagrass meadows near active fish farm sites (SW, BI, EM) that recently 113 
relocated and expanded production to deeper nearby waters (Figure 1, Table 1). During the first 114 
data collection, the three farms had a total production ca 2.5 kt yr-1 and operated shallow cages 115 
near the seagrass meadows investigated (EM) or had just relocated to deeper water as they 116 
expanded (SW and BI). At the second data collection three to five years later, the three farms had 117 
a total production larger than 4 kt yr-1 (Figure 1, Table 1). The fourth monitoring system (REF) 118 
was set up ca 300 m far from a licensed small (ca 100 t yr-1) production unit, which operated for a 119 
few years in the nineties and ceased operations about 15 years ago. This monitoring system was 120 
set at stable lower limits of the seagrass meadow, over 3.5 km from the nearest fish farms and 121 
resembles the natural deeper boundaries of P. oceanica meadows in the coastal area studied 122 
(Table 1).   123 
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 125 
Figure 1. Locations of P. oceanica monitoring systems and coastal areas occupied by decommissioned and active fish farms. The surrounding meadows of P. 126 
oceanica are also shown.  127 
 128 
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Table 1. Details of Posidonia oceanica monitoring systems set up near farms operating in south Cyprus. 129 
Posidonia oceanica Monitoring System – Fish farm 
information  
Distance from the fish farm, depth and time of data 
collection.  
Added Value 
SW 
Established in 1995 with licenced annual production 300 t 
yr-1. Licenced production increased to 450 t yr-1 in 2008, 
750 t yr-1 in 2010, 1000 t yr-1 in 2013, 1250 t yr-1 in 2014 
and to 1500 t yr-1 after 2016. 
 Shallow cages relocated in deeper water in 2011.   
# of finfish cages in 2017: 36 
About 275 m northwest of the existing finfish cages and 240 
m west of the previous position of cages, which were 
relocated deeper in 2011. The monitoring system was set up 
at regressive lower limits, at 25-26 m depth, in the summer of 
2012. First set of data were collected the same period. Second 
set of data were collected in early autumn 2017. 
Future monitoring and comparison with 
the data presented in this study, will be 
able to detect whether the relocation but 
expansion of the fish farm in deeper 
waters had any impacts on the adjacent 
P. oceanica meadows.  
BI 
Established in 1993 with licenced annual production 300 t 
yr-1. Licenced production increased to 500 t yr-1 in 2004, 
900 t yr-1 in 2007, 1300 t yr-1 in 2009, 1500 t yr-1 in 2014 
and to 1800 t yr-1 in 2017.  
Shallow cages relocated in deeper water in 2011.   
# of finfish cages in 2017: 66 
About 250 m north of the existing finfish cages and less than 
100 m west of the previous position of the cages, which were 
relocated deeper in 2011. The monitoring system was 
established at regressive lower limits, at 22-23 m depth, in 
the autumn of 2012. First set of data were collected two years 
later in autumn of 2014. Second set of data were coll cted in 
autumn 2017. 
Future monitoring and comparison with 
the data presented in this study, will be 
able to detect whether the relocation but 
expansion of the fish farm in deeper 
waters had any impacts on the adjacent 
P. oceanica meadows. 
EM 
Established in 1993 with a licence to produce 100 t yr-1. In 
2011 it received permit to produce 1000 t yr-1 at a new, 
deeper (50 m depth) site over 600 m further offshore. The 
old shallow mooring system was gradually decommissioned 
and went from 10 cages in 2012, to 6 in 2013 to 2 in 014 
to 1 in 2015. 
# of finfish cages in 2017: 0 in old and 22 in new mooring. 
About 100 m north/northwest of the shallow mooring, which 
ceased operations gradually. Operations moved and expanded 
deeper about 750 m southeast from the monitoring system. 
The monitoring system was established at regressive low r 
limits, at 21-23 m depth, in the summer / autumn of 2012. 
First set of data were collected the same period. Second set of 
data were collected in autumn 2017. 
Future monitoring and comparison with 
the data presented in this study will 
provide vital information about the 
recovery rates of the P. oceanica 
meadow following the cessation of 
mariculture operations in the near 
vicinity.  
REF 
Farming started in mid-nineties and lasted about a decade 
(production ca 100 t yr-1). It has remained inactive for ca 
fifteen years. 
About 300 m northeast from a small production unit, which 
terminated operations a long time ago. The monitorig 
system was established at stable lower limits, at 28-29 m 
depth, in the summer of 2013. First set of data were collected 
the same period. Second set of data were collected in early 
autumn 2017. 
Future monitoring and comparison with 
the data presented in this study will 
provide a point of reference for other 
monitoring systems and if fish farming 
initiates near this system it will provide 
baseline data and vital information about 
the direct effects of the fish farm on the 
adjacent P. oceanica meadows. 
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2.2 Dispersal of fish farm effluents  130 
To predict the dispersal of fish farm effluents and se imentation, we simulated the dispersion 131 
MERAMOD model developed for gilthead sea bream S. aurata and European sea bass D. 132 
labrax farming (Cromey et al., 2012). The simulation occurred in 2012, just after the relocation 133 
of BI and SW, and before the relocation of EM fish farm. Historical daily current data (2005-134 
2010) of the surface waters and the 10 m depth zonein the study area were extrapolated using 135 
3-D interpolations of the Cyprus Coastal Ocean Forecasting and Observing System 136 
(CYCOFOS); a validated hydrodynamic flow model covering the Levantine region (Zodiatis 137 
et. al., 2003; 2008). Two scenarios were applied that included the coldest-water period 138 
(February) and the warmest-water period (August). The latter accounts for the worst-case 139 
scenario since maximum biomass/feed input were used. Data incorporated into the 140 
MERAMOD model included: daily average current speed and direction for the months of 141 
August and February obtained from the CYCOFOS, bathymetric data at each site and a range 142 
of husbandry data collated from the managers of the three fish farms (Table 2).  143 
 144 
Table 2. Husbandry data (year 2012) used in MERAMOD for each of the two scenarios.  145 
Data 
Scenario 1 (Winter) Scenario 2 (Summer) 
SW BI EM SW BI EM 
Feed input (kg d-1) 3665 7500 2200 7500 11000 1200 
Feed input (kg cage-1 d-1) 136 221 183 278 324 200 
Max biomass (t) 580 1194 300 600 861 150 
Cage diameter (m) 19 22 22 19 22 22 
Cage surface area (m2) 286 390 390 286 390 390 
Cage volume (m3) 4011 5459 5459 4011 5459 5459 
No of cages 27 34 12 27 34 6 
Feed input per day per unit 
cage surface area (kg d-1 m-2) 
0.47 0.57 0.47 0.97 0.83 0.51 
 146 
Waste feed and faeces were assigned a random starting position in the cage volume. An 147 
average settling velocity of feed pellets representing 1 to 5 mm pellets and settling velocity of 148 
faecal particles for bream and bass (Magill et al., 2006) were assigned to cages according to the 149 
percentage of bream and bass being farmed at each site. For particles between sea surface and 5 150 
m depth, surface current speed and direction were used for advection, whereas 10 m current 151 
speed and direction were used for particles from 5  to the sea bed. Predicted flux was scaled 152 
to standard units of g m-2 yr-1 of total dry solids. Numerous default data were used consistently 153 
across sites (Table 3), so that differences between pr dicted impact were primarily driven by 154 
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differences between the sites in terms of depth, hydrography, feed input and husbandry data in 155 
general. 156 
 157 
Table 3. MERAMOD default data applied across all scenarios. 158 
Model default parameter Value 
Feed wasted, digestibility, water content 5%, 85%, 9  
Wild fish consumption of waste pellets 50 % of wasted pellets are consumed by wild fish and do 
not contribute to flux 
Horizontal dispersion coefficients: kx, ky (m
2 s-1) 0.4, 0.1 
Vertical dispersion coefficient: kz (m
2 s-1) 0.001 
Particle trajectory time step (seconds) 60 
Feed settling velocity (cm s-1) Mean = 8.4, standard deviation = 4.3 
Faecal settling velocity: Sea Bream (cm s-1) 0.4 cm s-1 (24%), 1.5 (45%), 2.5 (18%), 3.0 (13%) 
Faecal settling velocity: Sea Bass (cm s-1) 0.4 cm s-1 (6%), 1.4 (9%), 2.5 (20%), 3.6 (38%), 4.6 (27%) 
 159 
2.3 Monitoring systems and data collection 160 
The four monitoring systems were set up according to the ‘Protocol for the setting up of 161 
Posidonia meadows monitoring systems «MedPosidonia» Programme’ (Pergent, 2007). In 162 
each monitoring system, 11 numbered cement markers w e positioned at 5 m intervals and 163 
anchored with 12 mm diameter iron stakes, at the edge of the meadow (total 50 m length). 164 
Additionally, 16 mm diameter iron “photostakes”, from where photographs were taken, were 165 
hammered 50 cm into the sediment and sticking out 1 m, across each marker and the meadow’s 166 
edge.  167 
At every marker, the following variables were recorded by scuba divers: depth and 168 
angle to other markers, % seagrass cover in a 0.36 m2 quadrat, shoot density and % of 169 
plagiotropic (horizontally oriented) rhizomes in three fixed quadrats (0.04 m2), and shoot 170 
exposure or burial of orthotropic (vertically orient d) shoots (three replicates taken at both the 171 
edge and another three at the inner side of the meadow). Surface sediment samples were 172 
collected from each marker by a diver and granulometry was conducted using an Endecotts 173 
Octagon sieve shaker after first drying the samples at 100 oC until constant weight. The 174 
granulometry data were processed with the GRADISTAT particle size analysis software. Fine 175 
sediment passing through the 212 µm sieve was homogenised, three replicates of 1.5 g from176 
each marker were combusted at 550 oC and the organic carbon was determined as % weight 177 
loss following ignition. In addition, about 20 randomly selected orthotropic shoots from each 178 
monitoring system were removed and leaf morphometric analyses were carried out using the 179 
technique of Giraud (1977), including estimating the foliar surface per shoot, which was later 180 
used to estimate the Leaf Area Index (LAI). The past annual P. oceanica leaf production rate 181 
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was calculated following a standardised procedure, known as lepidochronology, which uses the 182 
thickness of the scales (previous leaf petioles that remain attached on the rhizome) to determine 183 
annual cycles (Pergent, 1990; Pergent and Pergent-Martini, 1991). The lepidochronological 184 
analysis involves carefully removing the scales from the rhizomes and ordering them from the 185 
older (near the rhizome base) to the more recent (near the living leaves). A cross section was 186 
made 10-12 mm above the base of each scale, viewed and photographed under an Olympus 187 
CX41 microscope attached to a camera. The thickness (µm) of the central/wider portion of the 188 
scale was measured with Image Pro Plus software.  189 
About half a decade following deployment, the monitring systems were revisited. 190 
Initially an inspection was carried out to record any missing cement markers, labels, or 191 
photostakes. Progression or regression of the edge was measured using a measuring tape from 192 
the marker’s inner side to the rhizome that was furthest from the marker in progression or 193 
closest in regression. Data collection from each monitoring system was repeated (except for 194 
lepidochronology) using the same methods. At each of t e 44 markers, the measurements of 195 
shoot densities and % of plagiotropic rhizomes were r p ated from the same fixed quadrats.  196 
2.4 Statistical analysis 197 
To evaluate changes between the two sampling periods for each fish farm, a paired t-198 
test was computed for variables taken from fixed quadrats (i.e. shoot density, plagiotropic 199 
rhizomes % and coverage %,), following Elzinga et al. (1998). Variables derived from 200 
randomly selected shoots (i.e. number of leaves, foliar surface, shoot exposure) within the 201 
meadow were compared with a 2-sample t-test (Elzinga et al., 1998). The assumptions for 202 
normality and homogeneity of variances were verified using a Shapiro-Wilk and F test, 203 
respectively and if assumptions were violated, log10 or square root transformations were 204 
conducted. To calculate the rate of annual leaf production of P. oceanica acquired from the 205 
lepidochronological analysis and examine the patterns of change over the years (increase, 206 
decrease or none), a simple linear regression was performed. When assumptions were not met, 207 
the analysis proceeded with the non-parametric Wilcoxon signed rank test for data collected 208 
from the fixed quadrats, non-parametric Mann-Whitney U test for data collected from random 209 
shoots and non-parametric regression Kendall–Theil S n Siegel for the lepidochronological 210 
data. Shoot progression was compared between the different monitoring sites using the non-211 
parametric Kruskal-Wallis test.  212 
In order to identify the predictors that affect theP. oceanica and sediment descriptors, a 213 
multiple regression analysis was applied, where all the descriptors were categorised into two 214 
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environmental predictors (depth and time) and three fish farm associated predictors (distance of 215 
a monitoring system to the nearest fish farm, direction of a monitoring system to the nearest 216 
fish farm, and the size of production of the nearest fish farm in tonnes). The assumptions for 217 
normality and heteroscedasticity were verified via Shapiro-Wilk test and Breusch-Pagan test on 218 
either untransformed or cox box transformed data. The multiple regression analysis was further 219 
complemented with the relative importance analysis, which aims to identify the factor with the 220 
highest controlling effect on the descriptor (Tonidan el and LeBreton, 2011). This was based 221 
on the calculation of lmg, the relative contribution f each predictor to the R2, averaged over 222 
the orderings among predictors (Grömping, 2006). 223 
For all the statistical analyses the significance leve  α was adjusted to 0.05, computation 224 
was carried out by R-studio (v 1.0.153) and all the graphic material was generated via the 225 
package ggplot2 (Wickham, 2009). The relative importance analysis was conducted via the 226 
package relaimpo (Grömping, 2006). 227 
3. RESULTS 228 
3.1 Fish farm effluents 229 
The scalar and vector averages for the entire period considered indicated that there is 230 
alternation of surface currents towards the east and west respectively, but the prevailing 231 
average direction of the currents at 10 m depth is we t – southwest (Figure 2). The predominant 232 
direction of the currents during the two scenarios simulated in the MERAMOD, February and 233 
August, were towards east and southwest respectively. For all farms, there were virtually no 234 
areas predicted to have deposition greater than 5000 g m-2 yr-1; areas of 2500 to 5000 g m-2 yr-1 235 
were evident for farms BI and SW but not for the small EM farm (before relocation) (Figure 2). 236 
The extent of the deposition footprints was high as a result of the reasonably high current and 237 
depth. According to the model and driven by the currents direction, the main dispersal of the 238 
effluents was not in the direction of the P. oceanica monitoring systems. 239 
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Figure 2. Top panel: Angle histogram in degrees (rose diagram) showing the frequency of current 241 
direction for the whole period 2005-2010 at surface (A) and at 10 m depth (B), estimated with 242 
CYCOFOS; Middle panel: Sea surface current speed data and annual averages at surface (C) and at 10 243 
m depth (D), estimated with CYCOFOS; Bottom panel: MERAMOD predicted waste flux (g m-2 yr-1) 244 
under winter (E) and summer (F) scenarios.  245 
 246 
3.2 Field Observations and Sediments 247 
When the monitoring systems were set up in 2012-13, epiphytes and fine particulate 248 
matter were covering the leaves of P. oceanica (Figure 3). The lower limits investigated were 249 
sharp at the edge with high P. oceanica cover, surrounded by dead matte covered 250 
predominantly by Caulerpa prolifera (Forsskål) J.V.Lamouroux. Four to five years following 251 
the initial deployment, all 44 markers and 132 iron stakes were still in place. Only one 252 
photostake and two labels from the initial 44 were missing. Visually, the ecological condition 253 
seemed to be improved in 2017 compared to the first surveys. The fine particulates and the 254 
epiphytes covering the seagrass leaves were less pronounced, some calcareous organisms 255 
(bryozoans and rhodophytes) were found within the rizomes under the canopy and C.256 
prolifera had almost disappeared from the surface of the deadmatte (Figure 4). Improvement 257 
of the ecological condition was also reflected in sediment variables. Overall, the organic matter 258 
in the sediment was reduced by about 15% and the mean grain size enlarged overall by almost 259 
90%, from very fine sand to sand (Folk and Ward method) (Table 4). 260 
  261 
Figure 3. Seagrass meadows near fish farms (SW left, BI right), covered in fine particles and epiphytes 262 
during first data collection.  263 
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 264 
 265 
 266 
 267 
Figure 4. Photographs taken from fixed positions during the first data collection (left) and the follow-up 268 
monitoring (right) from: i) SW monitoring system - Marker 11 in 2012 (A) and 2017 (B), ii) BI 269 
monitoring system - Marker 8 in 2014 (C) and 2017 (D), iii) EM monitoring system - Marker 9 in 2012 270 
(E) and 2017 (F) and iv) REF monitoring system - Marker 11 in 2013 (G) and 2017 (H).  271 
A B 
C D 
E F 
G H 
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Table 4. Coordinates, depth, relative abundance of sand, silt and clay, and the % organic carbon for 272 
each of the four monitoring systems at both times of sampling. 273 
Monitoring 
System 
Latitude  
Longitude 
Mean 
depth (m) 
Year of 
sampling 
Sand 
(%) 
Silt 
(%) 
Clay 
(%) 
Organic 
carbon (%) 
SW 34°42.262'N 
33°16.791'E 
25.9 2012 71.54 23.72 4.74 9.41 ± 0.47 
2017 76.97 19.19 3.84 8.23 ± 0.17 
BI 34°42.086'N  
33°16.105'E 
22.7 2014 76.01 19.99 4.00 8.73 ± 0.29 
2017 78.85 17.63 3.53 7.87 ± 0.17 
EM 34°41.979'N 
33°13.961'E 
22.2 
 
2012 68.09 26.59 5.32 8.35 ± 0.19 
2017 80.64 16.13 3.23 7.26 ± 0.22 
REF 34°41.901'N 
33°11.986'E 
28.8 
 
2013 66.49 27.92 5.58 10.43 ± 0.22 
2017 80.28 16.43 3.29 7.74 ± 0.19 
.   274 
3.3 Posidonia oceanica metrics 275 
The seagrass limit had not regressed between sample dates; on the contrary, it had 276 
progressed at all markers (range 1.2 - 9 cm per year). The slowest progression was recorded at 277 
the REF monitoring system, which was the deepest and with no farm in its vicinity (mean 278 
progression 14.9 cm in 4 years; Figure 5). Progression was higher at the other monitoring 279 
systems, but despite varying distances from the cags nd different depths among the stations, 280 
the shoot progression was not statistically different (Kruskal-Wallis, χ2 = 4.43, df = 3, p > 281 
0.05).  282 
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283 
Figure 5. Mean maximum progression (± standard error) of P. oceanica measured from all markers at 284 
each monitoring system.   285 
 286 
The monitoring system REF, which had no fish farm in the near vicinity but was closer 287 
to the city of Limassol, appeared the most impacted, exhibiting significant decline in almost all 288 
the descriptors measured, including: seagrass % coverage, % of plagiotropic rhizomes, number 289 
of leaves per shoot, foliar surface area and shoot exposure. Shoot density from fixed quadrats 290 
was not significantly different between the two samplings (Figure 6, Table 5).   291 
The EM monitoring system, which was approximately 100 m north from a small fish 292 
farm that gradually relocated and expanded about 750 m southeast from the monitoring system, 293 
had no significant change in seagrass coverage, foliar surface area and number of leaves per 294 
shoot. However, a significant increase in shoot exposure and a significant decline in shoot 295 
density was apparent, as well as in % of plagiotropic rhizomes, which was around half in 2017 296 
compared to the first values in 2013 (Figure 6, Table 5). 297 
SW monitoring system, that was at a distance between 240-275 m northeast from a 298 
major fish farm in both sampling periods, appeared to be unaffected over time, with no 299 
significant change in any descriptor being detected. Similar results were found at the BI 300 
monitoring system, which is located 250 m north from the largest fish farm (previous distance 301 
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was 80 m west from the decommissioned mooring). In this case, however, while there was no 302 
significant change in seagrass coverage, shoot density, % plagiotropic shoots and foliar surface 303 
area, the shoot exposure increased and the number of l aves per shoot decreased (Figure 6, 304 
Table 5). 305 
Table 5. Changes of P. oceanica and sediment descriptors at each monitoring system between first data 306 
collection (2012 for SW and EM, 2013 for REF and 2014 for BI) and follow-up monitoring from the 307 
same fixed points (2017). Arrows indicate significant change, – indicates no significant change. 308 
Descriptors 
Monitoring Systems 
SW BI EM  REF 
Coverage (%) 
- - - 
 
Wilcoxon signed 
rank test, V = 14,  
p > 0.05 
Wilcoxon signed 
rank test, V = 6,     
p > 0.05 
Wilcoxon signed 
rank test, V = 4,    
p > 0.05 
Paired t-test,       
df = 10, t =-10.09,     
p < 0.05 
Shoot Density 
(m-2) 
- - 
 
- 
Paired t-test,         
df = 10, t = -1.77,          
p > 0.05 
Wilcoxon signed 
rank test, V = 40,       
p > 0.05 
Paired t-test,         
df = 10, t = 4.25,           
p < 0.05 
Paired t-test,       
df = 10, t = 0.79,        
p > 0.05 
Plagiotropic 
rhizomes (%) 
- - 
 
 
Paired t-test,         
df =10, t = 0.87,          
p > 0.05 
Paired t-test,         
df = 10, t = 0.95,           
p > 0.05 
Paired t-test,         
df = 10, t = 6.46,           
p < 0.05 
Paired t-test,       
df = 10, t = 6.81,        
p < 0.05 
Leaf Number 
(shoot-1) 
- 
 
- 
 
2-sample t-test,     
df = 46, t = 0.51,        
p > 0.05 
Mann-Whitney U 
test, W = 353,         
p < 0.05 
Mann-Whitney U 
test, W = 246,        
p > 0.05 
Mann-Whitney U 
test, W = 339,         
p < 0.05 
Foliar Surface 
(cm2shoot-1) 
- - - 
 
2-sample t-test,    
df = 46, t = 1.40,        
p > 0.05 
2-sample t-test,     
df = 42, t = 1.96,         
p > 0.05 
Mann-Whitney U 
test, W = 242,        
p > 0.05 
2-sample t-test, 
df = 38, t = 5.86, 
p < 0.05 
Shoot 
Exposure 
(cm) 
- 
   
2-sample t-test,     
df = 20, t = -1.97,        
p > 0.05 
2-sample t-test,     
df = 19, t = -2.83,       
p < 0.05 
2-sample t-test,    
df = 20, t = -5.44,      
p < 0.05 
2-sample t-test, 
df = 20, t = -2.92, 
p < 0.05 
Organic 
Matter (%) 
- 
  
 
Paired t-test,         
df =10, t = 2.17,          
p > 0.05 
Paired t-test,         
df =10, t = 4.38,         
p < 0.05 
Paired t-test,         
df =10, t = 3.38,          
p < 0.05 
Paired t-test,       
df =10, t = 11.07,          
p < 0.05 
Grain size 
(µm) 
- 
 
 
 
Wilcoxon rank sum Paired t-test,         Wilcoxon rank sum Wilcoxon rank 
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test, V = 11,           
p > 0.05 
df =10, t = -2.74,           
p < 0.05 
test, V = 0,             
p < 0.05 
sum test, V = 0,        
p < 0.05 
 309 
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Figure 6. P. oceanica descriptors determined from fixed positions in the summer-autumn period, firstly 310 
in 2012 for SW and EM, 2013 for REF and 2014 for BI (in light grey), and follow-up monitoring in 311 
2017 at all the monitoring systems (in dark grey). Mean ± standard error. 312 
The lepidochronological analysis carried out during the first data collection at each of 313 
the monitoring systems showed no significant change i  l af production over the years that 314 
preceded sampling and when farms operated shallow morings nearer to P. oceanica meadows 315 
(Table 6).  316 
The LAI decreased between the two sampling periods across all monitoring systems. 317 
The smallest decrease was recorded at SW monitoring system (from 4.06 to 3.85 m2 of canopy 318 
per m2), while the largest decrease was recorded at the deepest REF monitoring system (from 319 
4.85 to 2.47 m2 of canopy per m2). At both times of data collection, the EM monitoring system, 320 
which is also the shallowest site, had the highest LAI values (6.84 m2 of canopy per m2 in 2012 321 
and 5.07 m2 of canopy per m2 in 2017) compared to all other systems.  322 
Table 6. Mean number of leaves per shoot ± SE, during lepidochronological years determined from 15-323 
20 orthotropic shoots collected in 2012-14 from each monitoring system.  324 
Lepidochronological year 
Monitoring System 
SW BI EM REF 
2012 5.6 ± 0.3 6.9 ± 0.2 7.6 ± 0.4 6.9 ± 0.4 
2011 5.7 ± 0.4 6.9 ± 0.4 6.2 ± 0.4 7.2 ± 0.4 
2010 5.8 ± 0.4 6.6 ± 0.5 6.6 ± 0.5 7.1 ± 0.4 
2009 4.7 ± 0.5 6.4 ± 1.0 6.1 ± 0.3 7.0 ± 0.4 
2008 - - 6.3 ± 0.3 6.5  ± 0.6 
2007 - - 6.1 ± 0.4 6.3 ± 0.5 
Rate of change ± SE 0.22 ± 0.17 0.24 ± 0.14    0.06 ± 0.06   0.03 ± 0.08   
R2 0.03 0.04 0.006 0.001 
df 50 57 155 84 
p > 0.05 > 0.05 > 0.05 > 0.05 
Statistical analysis  
Simple linear 
regression 
Simple linear 
regression 
Kendall–Theil 
Sen Siegel 
Kendall–Theil 
Sen Siegel 
3.4 Underlying predictors 325 
Out of the five predictors that were investigated, time and depth had the greatest effect 326 
on the descriptors studied, but all the predictors considered seemed to play a key role in 327 
explaining most of the descriptors and had similar weight in their contribution (Table 7). The 328 
shoot density was the only descriptor that was not affected over time. Depth, distance and 329 
direction from the cages were significant predictors f shoot density and had the largest 330 
contribution in relative importance (Table 7).  331 
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Table 7. The source of variation and the relative importance of two environmental and three fish farm 332 
related predictors on seven measured descriptors, acquired from the multiple regression analysis. Note: 333 
The source of variation in the model takes in account all the predictors, whereas % lmg takes in account 334 
the average relative importance of each predictor without and with all the possible combinations with 335 
the rest of the predictors. 336 
Variable 
Source of variation Relative Importance  
Predictor Df 
Sum of 
squares 
F Prob. > F % lmg 
Shoot 
density 
Depth 1 2321 6.83 < 0.05 35.9 
Distance  1 1380 4.06 < 0.05 21.7 
Tonnes 1 192 0.56 ns 16.2 
Direction 2 9184 13.52 < 0.001 22.9 
Time 1 248 0.73 ns 3.2 
Plagiotropic 
rhizomes 
Depth 1 2.10 6.80 < 0.05 21.3 
Distance 1 1.56 9.65 < 0.05 16.9 
Tonnes 1 0.46 1.48 ns 11.7 
Direction 2 5.96 5.04 < 0.001 24.8 
Time 1 5.70 18.46 < 0.001 25.3 
Number of 
Leaves 
Depth 1 0.00 0.17 ns 3.2 
Distance 1 0.00 0.11 ns 16.2 
Tonnes 1 0.00 3.94 < 0.05 20.1 
Direction 2 0.00 0.91 ns 15.4 
Time 1 0.00 6.55 < 0.05 45.1 
Foliar 
Surface 
Depth 1 0.23 7.75 < 0.01 21.5 
Distance 1 0.00 0.29 ns 9.7 
Tonnes 1 0.04 1.52 ns 8.9 
Direction 2 0.00 0.02 ns 11.5 
Time 1 0.50 16.80 < 0.001 48.4 
Shoot 
exposure 
Depth 1 15.05 15.04 < 0.01 14.7 
Distance 1 3.11 1.48 ns 16 
Tonnes 1 9.10 9.09 < 0.05 9.5 
Direction 2 14.64 3.48 < 0.05 32.1 
Time 1 19.54 9.29 < 0.01 27.8 
Grain size 
Depth 1 0.00 0.80 ns 3.7 
Distance 1 0.00 12.66 < 0.001 18.9 
Tonnes 1 0.00 100.73 < 0.001 8.7 
Direction 2 0.00 29.17 < 0.001 19.6 
Time 1 0.00 10.04 < 0.05 49.0 
Organic 
matter 
Depth 1 0.00 21.67 < 0.001 14.5 
Distance 1 0.01 52.62 < 0.001 15.7 
Tonnes 1 0.00 5.60 < 0.05 9.2 
Direction 2 0.00 2.06 ns 16.6 
Time 1 0.00 12.06 < 0.001 44.0 
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 337 
4. DISCUSSION 338 
In Cyprus, mariculture activities are concentrated in an area between the cities of 339 
Limassol and Larnaca. Small scale production started here in the mid-nineties in shallow water 340 
(< 30 m) over P. oceanica meadows and this may have contributed to degradation and 341 
regression of the lower limits of the meadows. Thereafter, managers followed a precautionary 342 
approach (Pergent-Martini et al., 2006) and only allowed new production units to be placed in 343 
deeper water while asked for the relocation of the s allow cages when existing farms requested 344 
expansion of their production. Our study has shown that this management intervention may 345 
have been effective in preventing further declines i  the lower limits of the meadows studied. It 346 
proves the point that local impacts on P. oceanica can be managed at the local level (Guillén et 347 
al., 2013). 348 
Our permanent P. oceanica monitoring systems are the first in Cyprus and the349 
easternmost seagrass PMN systems in the Mediterranean. S tting up monitoring systems using 350 
permanent cement markers is a durable and effective method to monitor the edge of seagrass 351 
meadows from fixed positions over medium to long timeframes (Pergent et al., 2015) and is 352 
substantially more robust than random plots for monitori g seagrasses (Schultz et al., 2015). 353 
About five years following deployment, all cement markers were still in place, despite some 354 
major storms. Our results indicate that P. oceanica has not regressed during this time and 355 
although an overall lower performance was recorded in some P. oceanica structural 356 
descriptors, this was not detected near fish farms.   357 
Contrary to expectations, P. oceanica meadows had progressed at all monitoring 358 
stations and although differences among the monitori g systems were not statistically 359 
significant, the largest observed progression was recorded near the largest fish farm. There is 360 
hope, therefore, that despite major losses of P. oceanica from fixed PMN markers at deep 361 
meadows in the north-western Mediterranean (Boudouresque et al., 2000, 2012; Pergent et al., 362 
2015), a decline has not been detected in impacted deep meadow limits in the eastern 363 
Mediterranean. This is despite the fact that water temperatures are close to the reported upper 364 
limit of the species (Celebi et al., 2006). The seagrass horizontal growth rates reported in this 365 
study may be overestimated as there was a selection bias for the furthest rhizome from the 366 
marker; however the values obtained are consistent with previous estimations but lower than 367 
recolonization rates measured along labelled fixed p gs at shallower healthy patches in the 368 
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western Mediterranean (Gobert et al., 2016). In other studies, P. oceanica meadows could 369 
survive close to fish farm cages, even though effects on P. oceanica descriptors were detected 370 
at large distances from the fish cages (Borg et al., 2006; Marbà et al., 2006; Holmer et al., 371 
2008; Rountos et al., 2012). In this study, P. oceanica descriptors did not clearly detect impacts 372 
of the fish farm operations.    373 
The impacts of mariculture on P. oceanica meadows are site-specific and dependant on 374 
variables, such as the size of the farm and the intensity of feeding, depth and hydrodynamics. 375 
In Cyprus, it seems that the decision to relocate the fish farms deeper (southern), in an area 376 
dominated by west and east currents, has been successful in mitigating impacts to the P. 377 
oceanica meadows that stretch northwards. The model simulations presented in this study, 378 
showed that the main dispersal of particulate matter is not in the direction of the seagrass 379 
meadows investigated. However, only two months were considered and resuspension, which 380 
would tend to increase dispersion of waste particles, was not considered in the model. 381 
Furthermore, with the estimated velocity of currents, farm effluents can disperse over a 382 
distance covering several kilometres (Sarà et al., 2006) and affect P. oceanica meadows even 383 
ca 3 km away, in ways that are not always reflected by alterations in structural descriptors 384 
(Ruiz et al., 2010). 385 
At the sites monitored, improvement was also recorded in sediment variables: the 386 
organic matter content decreased, and the mean grai size increased in all monitoring systems, 387 
except at SW where the changes were not significant. This, together with the increase in P.388 
oceanica shoot exposure measured during the follow-up monitori g, may indicate less 389 
sedimentation of suspended fine particulates or resuspension of silty sediments during storms 390 
that preceded the second sampling. It is also notewor hy that C. prolifera, a highly nitrophilous 391 
green seaweed, was very abundant during the first data collection but rare during follow up 392 
monitoring, which is another indication of improved water quality condition (Holmer et al., 393 
2009).  394 
Across the four monitoring systems assessed, the low st rates of progression and the 395 
highest reduction in the performance of P. oceanica descriptors were recorded at the REF 396 
monitoring system, which lies far from any aquaculture operations. At both times of sampling, 397 
lower seagrass coverage and shoot densities were measured at this monitoring system 398 
compared to its shallower counterparts, although the values of shoot densities measured still 399 
indicate high ecological condition of the meadows (Pergent et al., 1995) and progression of the 400 
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meadow was still recorded despite a strong dynamic regression at other PMN lower limit 401 
reference sites in the Mediterranean (Pergent et al., 2015). The deeper water, and consequently 402 
the reduced light availability and water circulation, may be the most important limiting factor 403 
of the P. oceanica descriptors (Martínez-Crego et al., 2008). Furthermore, this site was closer 404 
to the anthropogenic footprint of Limassol city, which may be affecting the P. oceanica 405 
meadow. For example, about 1.4 km to the northeast there is a sewage outlet releasing 406 
processed effluents generated from Limassol. This monitoring system can provide valuable 407 
baseline data if fish farming begins nearby.  408 
The variation in descriptors considered in this study was explained by the cumulative 409 
effects of environmental and farm predictors. The variables having the most cumulative effect 410 
on P. oceanica descriptors, were: water depth followed by direction, and then distance to the 411 
nearest fish farm or production tonnage. The multiple regression analysis to identify main 412 
predictors was purely suggestive. The creation of mre PMN systems at different directions 413 
from the fish farms can enable better discrimination of the factors contributing to the changes 414 
in structural and demographic P. oceanica descriptors.  415 
The PMN protocol allows microscale detection of regression/progression of seagrass 416 
lower limits using structural and morphological P. oceanica descriptors that are widely applied 417 
in generic ecosystem monitoring. Most of the structural indicators considered exhibit marked 418 
seasonality and/or strong bathymetric dependence (Marbà et al., 2013). This bottleneck of 419 
inherent patchiness and differences of these indicators across the meadow was removed by 420 
sampling around the same time of year (summer - autumn period) and from the same fixed 421 
plots (same depth). However, data should be interpreted based on the validity of the structural 422 
indicators used to reflect stress. The diversity of P. oceanica indicators is striking; structural 423 
descriptors of P. oceanica used in this study such as coverage and shoot density are widely 424 
used in monitoring programmes (e.g. EU Water Framework Directive) as they are linked 425 
directly to ecosystem integrity and can detect generaliz d degradation responses (Martínez-426 
Crego et al., 2008; Marbà et al., 2013). A recent global review of seagrass indicators identified 427 
structural indicators such as density, coverage and depth limit among the best suited indicators 428 
for generic ecosystem monitoring, stress screening a d ecological assessment (Roca et al., 429 
2016).   430 
Lower shoot size, shoot density and coverage are commonly reported responses for P.431 
oceanica meadows exposed to fish farm effluents (Pergent-Martini et al., 2006), though this 432 
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was not detected in our study. The number of leaves per shoot are responding consistently to 433 
light stress in seagrasses making them a robust bioindicator of degraded water quality 434 
(McMahon et al., 2013). Lepidochronological analysis howed that before our study and 435 
relocation of farms, the number of leaves per shoot at each monitoring station was stable and 436 
not very different across stations. Between the two sampling periods, the leaf number 437 
decreased in two stations but declines of this descriptor near aquaculture are not always 438 
consistent (Pergent-Martini et al., 2006). The percentage of plagiotropic rhizomes is correlated 439 
with water quality (Gobert et al., 2009). On the other hand, the plagiotropic rhizomes remain 440 
plagiotropic when surrounding substrate space is sufficient to allow lateral expansion and 441 
revert to orthotropic in dense meadows where space is inadequate for colonization (Molenaar et 442 
al., 2000). This makes any comparisons using this descriptor difficult. Plagiotropic rhizomes 443 
are the most common rhizome on edges of meadows, while orthotropics are predominant in 444 
continuous meadow (Lapeyra, 2016). Hence the lower plagiotropic rhizome measured from the 445 
fixed positions of decommissioned sites (REF and EM) in the follow-up monitoring may be 446 
partly explained by the fact that the edge has progressed a little and what used to be the edge of 447 
the meadow is now a little further inside.  448 
Structural descriptors are responsive to degradation but are not effective in reflecting 449 
early improvements and recoveries because they respond slowly and detect impacts much too 450 
late for effective management action to be taken (Roca et al., 2015, 2016). Environmental 451 
change is first reflected in plant physiology, which modifies seagrass growth and morphology, 452 
which induce changes in meadow structure (Collier et al., 2012). Thus, physiological indicators 453 
present more stressor-specific responses and can detect degradation responses much faster 454 
(Roca et al., 2015, 2016). To the highest level of cellular response, altered gene expression of 455 
stress-related genes are the faster predictors of an imminent seagrass collapse (Ceccherelli et 456 
al., 2018). One drawback of the PMN protocol is that it only includes structural variables and 457 
once a decline in these parameters is sufficiently large to be detected in P. oceanica meadows, 458 
there is a considerable risk that the seagrass meadow has already degraded irreversibly. The 459 
PMN protocol applied in this study can benefit from incorporating early-warning indicators 460 
together with the structural P. oceanica descriptors considered. The response of the 461 
physiological indicators is highly stress-specific so the choice depends on the objectives of the 462 
management strategy (Roca et al., 2016).   463 
Despite national and international protection, large declines of P. oceanica meadows 464 
have been documented since the second half of the 20th century, especially near urban areas of 465 
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the western Mediterranean (Marbà et al., 2014; Telesca et al., 2015). The loss of P. oceanica 466 
meadows may result in the erosion and rapid remineralisation of the carbon-rich matte, 467 
accelerating climate change (Pergent et al., 2014). Efforts to conserve P. oceanica lie mostly in 468 
the establishment of marine protected areas, which seem to be insufficient to guarantee the 469 
protection of P. oceanica meadows (Montefalcone et al., 2009). Across the Mediterranean Sea, 470 
seagrass monitoring is extensive, but the adoption of different sampling designs and methods 471 
may result in erroneous comparisons (Lopez y Royo et al., 2010). Recently, the PMN has 472 
refined a standardised methodology for setting up P. oceanica monitoring systems, which has 473 
been applied in the Euro-Mediterranean region. Comparable temporal monitoring along the 474 
edge of the meadow is possible through photography nd measurements of vitality parameters 475 
from fixed positions. Slow growing seagrasses such as P. oceanica are especially suited to 476 
fixed-plot monitoring (Schultz et al., 2015) as small-spatial scale progression or regression of 477 
the meadow can be monitored effectively. 478 
The P. oceanica monitoring systems set up and monitored in this study are valuable 479 
tools for researchers, managers and decision makers nd their application should be promoted. 480 
Set up at the deepest boundaries of the meadows, near the compensation depth where the plants 481 
are most sensitive to changes in water quality, they form an important indicator of ecological 482 
integrity and allow for detection of small losses, which is critical for slow growing P. oceanica 483 
(Holmer et al., 2003; Buia et al., 2004). Future comparisons will guide responsible 484 
management and increase our understanding regarding the mariculture impacts on P. oceanica 485 
in the eastern Mediterranean. They can also be compared with other PMN systems set up in 486 
other places across the Mediterranean Sea to assess the P. oceanica population dynamics in 487 
different regions. The use of fixed plot methods using cement markers, like the PMN method 488 
applied in the Mediterranean or using quadrats placed over transects like the SeagrassNet 489 
method applied globally (www.SeagrassNet.org), allow reliable and effective microscale 490 
monitoring of seagrass descriptors from the same positions using standardised methodologies, 491 
have high statistical power, and their use should be encouraged and widely adopted in generic 492 
ecosystem monitoring (Schultz et al., 2015). The disa vantage with the used P. oceanica 493 
descriptors is that they respond late to generalised pr ssures. If the management strategy aims 494 
to achieve effective early detection of stress imposed on P. oceanica by specific anthropogenic 495 
activities (e.g. burial, metal pollution, eutrophication, organic enrichment, shading), it is 496 
recommended to incorporate stress-specific biochemical and genetic indicators in the 497 
monitoring program.  498 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
25 
 
 499 
5. ACKNOWLEDGEMENTS  500 
The monitoring systems were set up and the first data collection occurred during the 501 
research program ‘A holistic approach for the evaluation of ecological status of coastal areas: 502 
the case of Vasiliko bay’, conducted in 2011-2014, and co-funded by the Research Promotion 503 
Foundation of Cyprus (Republic of Cyprus) and the European Regional Development Fund 504 
(grant agreement SMEs/Product/0609/74). The authors are grateful to the Department of 505 
Fisheries and Marine Research and the Department of Environment of Cyprus for providing the 506 
permits to remove a small number of P. oceanica shoots. We are also grateful to Alexis 507 
Loucaides who assisted the setting up of the monitori g systems, Fotini Georgiou, Maria 508 
Rousou, Polina Polykarpou, Karolina Mukauskaitė, Noemi Mantegazza and all who assisted 509 
the lab analyses as well as Dr Chris Cromey for simulating the MERAMOD model, Dr Gérard 510 
Pergent for advising and sharing the protocol for setting up the PMN monitoring systems and 511 
the Oceanographic Center of Cyprus for providing the current data for the study area. 512 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
26 
 
6. BIBLIOGRAPHY  513 
Apostolaki, E. T., Tsagaraki, T., Tsapakis, M., Karakassis, I., 2007. Fish farming impact on sediments a d 514 
macrofauna associated with seagrass meadows in the Mediterranean. Estuarine, Coastal and Shelf 515 
Science 75 (3), 408-416. http://dx.doi.org/10.1016/j.ecss.2007.05.024. 516 
Apostolaki, E. T., Marbà, N., Holmer, M., Karakassis, I., 2009. Fish farming enhances biomass and 517 
nutrient loss in Posidonia oceanica (L.) Delile. Estuarine, Coastal and Shelf Science 81 (3), 390-518 
400. http://dx.doi.org/10.1016/j.ecss.2008.11.014.  519 
Apostolaki, E. T., Holmer, M., Marbà, N., Karakassis, I., 2010. Degrading seagrass (Posidonia oceanica) 520 
ecosystems: a source of dissolved matter in the Mediterranean. Hydrobiologia 649 (1), 13-23. 521 
http://dx.doi.org/10.1007/s10750-010-0255-2. 522 
Arnaud-Haond, S., Duarte, C. M., Diaz-Almela, E., Marbà, N., Sintes, T., Serrão, E. A., 2012. Implications 523 
of extreme life span in clonal organisms: millenary clones in meadows of the threatened seagrass 524 
Posidonia oceanica. PloS one 7 (2), e30454. http://dx.doi.org/ 10.1371/journal.pone.0030454. 525 
Balestri, E., Vallerini, F., Lardicci, C., 2017. Recruitment and Patch Establishment by Seed in the Seagrass 526 
Posidonia oceanica: Importance and Conservation Implications. Frontiers n Plant Science 8 527 
(1067). http://dx.doi.org/10.3389/fpls.2017.01067. 528 
Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W., Stier, A. C., Silliman, B. R., 2011. The value of 529 
estuarine and coastal ecosystem services. Ecological Monographs 81 (2), 169-193. 530 
http://dx.doi.org/10.1890/10-1510.1. 531 
Borg, J. A., Micallef, M. A., Schembri, P. J., 2006. Spatio‐temporal variation in the structure of a deep 532 
water Posidonia oceanica meadow assessed using non‐destructive techniques. Marine Ecology 27 533 
(4), 320-327. http://dx.doi.org/10.1111/j.1439-0485.2006.00085.x. 534 
Boudouresque, C. F., Charbonel, E., Meinesz, A., Pergent, G., Pergent-Martini, C., Cadiou, G., Bertrandy, 535 
M.C., Foret, P., Ragazzi, M., Rico-Raimondino, V., 2000. A monitoring network based on the 536 
seagrass Posidonia oceanica in the northwestern Mediterranean Sea. Biologia Marina Mediterranea 537 
7 (2), 328-331.  538 
Boudouresque, C. F., Bernard, G., Bonhomme, P., Charbonnel, E., G, D., Meinesz, A., Pergent, G., 539 
Pergent-Martini, C., Tunesi, L., 2012. Protection and Conservation of Posidonia oceanica Meadows. 540 
Tunis: RAMOGE and RAC/SPA publishers. pp. 1-202. 541 
Buia, M. C., Gambi, M. C., Dappiano, M., 2004. The seagrass ecosystems In: Gambi, M.C., Dappiano, M., 542 
Eds., Mediterranean Marine Benthos: a manual for its sampling and study. Biologia Marina 543 
Mediterranea 11, 133-183.  544 
Campagne, C. S., Salles, J.-M., Boissery, P., Deter, J., 2015. The seagrass Posidonia oceanica: Ecosystem 545 
services identification and economic evaluation of g ods and benefits. Marine Pollution Bulletin 97 546 
(1), 391-400. http://dx.doi.org/10.1016/j.marpolbul.2015.05.061. 547 
Cancemi, G., De Falco, G., Pergent, G., 2003. Effects of organic matter input from a fish farming facility 548 
on a Posidonia oceanica meadow. Estuarine, Coastal and Shelf Science 56 (5), 961-968. 549 
http://dx.doi.org/10.1016/S0272-7714(02)00295-0. 550 
Ceccherelli, G., Oliva, S., Pinna, S., Piazzi, L., Procaccini, G., Marin-Guirao, L., Dattolo, E., Galli , R., La 551 
Manna, G., Gennaro, P., 2018. Seagrass collapse due to synergistic stressors is not anticipated by 552 
phenological changes. Oecologia 186 (4), 1137–1152. http://dx.doi.org/10.1007/s00442-018-4075-9. 553 
Celebi, B., Gucu, A. C., Ok, M., Sakinan, S., Akoglu, E., 2006. Hydrographic indications to understand the 554 
absence of Posidonia oceanica in the Levant Sea (Eastern Mediterranean). Biologia Marina 555 
Mediterranea 13 (4), 34-38.  556 
Collier, C. J., Waycott, M., Ospina, A. G., 2012. Responses of four Indo-West Pacific seagrass species to 557 
shading. Marine Pollution Bulletin 65 (4-9), 342-354.  558 
http://dx.doi.org/10.1016/j.marpolbul.2011.06.017. 559 
Costanza, R., de Groot, R., Sutton, P., van der Ploeg, S., Anderson, S. J., Kubiszewski, I., Farber, S., 560 
Turner, R. K., 2014. Changes in the global value of ecosystem services. Global environmental 561 
change 26, 152-158. http://dx.doi.org/10.1016/j.gloenvcha.2014.04.002. 562 
Cromey, C. J., Thetmeyer, H., Lampadariou, N., Black, K. D., Kögeler, J., Karakassis, I., 2012. 563 
MERAMOD: predicting the deposition and benthic impact of aquaculture in the eastern 564 
Mediterranean Sea. Aquaculture Environment Interactions 2 (2), 157-176.  565 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
27 
 
Delgado, O., Grau, A., Pou, S., Riera, F., Massuti, C., Zabala, M., Ballesteros, E., 1997. Seagrass 566 
regression caused by fish cultures in Fornells Bay (Menorca, Western Mediterranean). Oceanolica 567 
Acta 20 (3), 557-563.  568 
Delgado, O., Ruiz, J., Pérez, M., Romero, J., Ballesteros, E., 1999. Effects of fish farming on seagrass 569 
(Posidonia oceanica) in a Mediterranean bay: seagrass decline after organic loading cessation. 570 
Oceanologica Acta 22 (1), 109-117. http://dx.doi.org/10.1016/S0399-1784(99)80037-1. 571 
Dewsbury, B. M., Bhat, M., Fourqurean, J. W., 2016. A review of seagrass economic valuations: Gaps and 572 
progress in valuation approaches. Ecosystem Services 18 (Supplement C), 68-77. 573 
http://dx.doi.org/10.1016/j.ecoser.2016.02.010. 574 
Díaz-Almela, E., Marbà, N., Álvarez, E., Santiago, R. Holmer, M., Grau, A., Mirto, S., Danovaro, R., 575 
Petrou, A., Argyrou, M., 2008. Benthic input rates predict seagrass (Posidonia oceanica) fish farm-576 
induced decline. Marine Pollution Bulletin 56 (7), 1332-1342. 577 
http://dx.doi.org/10.1016/j.marpolbul.2008.03.022. 578 
Elzinga, C.L., Salzer, D.W., Willoughby, J.W., 1998. Statistical Analysis. In: Measuring & monitoring 579 
plant populations. U.S. Dept. of the Interior, Bureau of Land Management. pp. 229–264. 580 
Fourqurean, J. W., Duarte, C. M., Kennedy, H., Marba, N., Holmer, M., Mateo, M. A., Apostolaki, E., 581 
Kendrick, G.A., Krause-Jensen, D., McGlathery, K. J., 2012. Seagrass ecosystems as a globally 582 
significant carbon stock. Nature geoscience 5 (7), 505-509. http://dx.doi.org/10.1038/ngeo1477. 583 
Frederiksen, M. S., Holmer, M., Díaz-Almela, E., Marb , N., Duarte, C. M., 2007. Sulfide invasion in the 584 
seagrass Posidonia oceanica at Mediterranean fish farms: assessment using stable sulfur isotopes. 585 
Marine Ecology Progress Series 345, 93-104. http://dx.doi.org/10.3354/meps06990. 586 
Giraud, G., 1977. Contribution à la description et à la phénologie quantitative des herbiers de Posidonia 587 
Oceanica (L.) Del. (Doctoral dissertation, Thèse Doctorat de Spécialité Océanologie), Université 588 
d'Aix-Marseille. pp. 150. 589 
Gobert, S., Sartoretto, S., Rico-Raimondino, V., Andral, B., Chery, A., Lejeune, P., Boissery, P., 2009. 590 
Assessment of the ecological status of Mediterranean French coastal waters as required by the Water 591 
Framework Directive using the Posidonia oceanica Rapid Easy Index: PREI. Marine Pollution 592 
Bulletin 58 (11), 1727-1733. http://dx.doi.org/10.1016/j.marpolbul.2009.06.012. 593 
Gobert, S., Lepoint, G., Pelaprat, C., Remy, F., Lejeune, P., Richir, J., Abadie, A., 2016. Temporal 594 
evolution of sand corridors in a Posidonia oceanica seascape: a 15-years study. Mediterranean 595 
Marine Science 17 (3), 777-784. http://dx.doi.org/10.12681/mms.1816. 596 
Grömping, U., 2006. Relative importance for linear regression in R: the package relaimpo. Journal of 597 
statistical software 17 (1), 1-27. http://dx.doi.org/10.18637/jss.v017.i01.   598 
Guillén, J. E., Lizaso, J. L. S., Jiménez, S., Martínez, J., Codina, A., Montero, M., Triviño, A., Soler, G., 599 
Zubcoff, J. J. (2013). Evolution of Posidonia oceanica seagrass meadows and its implications for 600 
management. Journal of sea research 83, 65-71. http://dx.doi.org/10.1016/j.seares.2013.04.012. 601 
Holmer, M., Pérez, M., Duarte, C. M., 2003. Benthic primary producers––a neglected environmental 602 
problem in Mediterranean maricultures? Marine Polluti n Bulletin 46 (11), 1372-1376. 603 
http://dx.doi.org/10.1016/S0025-326X(03)00396-5. 604 
Holmer, M., Argyrou, M., Dalsgaard, T., Danovaro, R. Diaz-Almela, E., Duarte, C. M., Frederiksen, M., 605 
Grau, A., Karakassis, I., Marbà, N., 2008. Effects of fish farm waste on Posidonia oceanica 606 
meadows: synthesis and provision of monitoring and management tools. Marine Pollution Bulletin 607 
56 (9), 1618-1629. http://dx.doi.org/10.1016/j.marpolbul.2008.05.020. 608 
Holmer, M., Marbà, N., Lamote, M., Duarte, C. M., 2009. Deterioration of sediment quality in seagrass 609 
meadows (Posidonia oceanica) invaded by macroalgae (Caulerpa sp.). Estuaries and Coasts 32 (3), 610 
456-466. http://dx.doi.org/10.1007/s12237-009-9133-4. 611 
Lapeyra, J., 2016. Assesing Edge-Effects in Posidonia oceanica seagrass meadows: A multidisciplinary 612 
approach. Thesis Université Libre de Bruxelles. pp. 50. 613 
http://dx.doi.org/10.13140/RG.2.2.14606.36163 614 
Lavery, P. S., Mateo, M.-Á., Serrano, O., Rozaimi, M., 2013. Variability in the Carbon Storage of Seagrass 615 
Habitats and Its Implications for Global Estimates of Blue Carbon Ecosystem Service. PloS one 8 616 
(9), e73748. http://dx.doi.org/10.1371/journal.pone.0073748. 617 
Lo Iacono, C., Mateo, M. A., Gracia, E., Guasch, L., Carbonell, R., Serrano, L., Serrano, O., Danobeitia, J., 618 
2008. Very high‐resolution seismo‐acoustic imaging of seagrass meadows (Mediterranean Sea): 619 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
28 
 
Implications for carbon sink estimates. Geophysical Research Letters 35 (18), L18601. 620 
http://dx.doi.org/10.1029/2008GL034773. 621 
Lopez y Royo, C., Pergent, G., Pergent-Martini, C., asazza, G., 2010. Seagrass (Posidonia oceanica) 622 
monitoring in western Mediterranean: implications for management and conservation. 623 
Environmental monitoring and assessment 171 (1-4), 365-380. http://dx.doi.org/10.1007/s10661-624 
009-1284-z. 625 
Magill, S. H., Thetmeyer, H., Cromey, C. J., 2006. Settling velocity of faecal pellets of gilthead sea bream 626 
(Sparus aurata L.) and sea bass (Dicentrarchus labrax L.) and sensitivity analysis using measured 627 
data in a deposition model. Aquaculture 251 (2-4), 295-305. 628 
http://dx.doi.org/10.1016/j.aquaculture.2005.06.005 629 
Marbà, N., Santiago, R., Díaz-Almela, E., Álvarez, E., Duarte, C. M., 2006. Seagrass (Posidonia oceanica) 630 
vertical growth as an early indicator of fish farm-derived stress. Estuarine, Coastal and Shelf Science 631 
67 (3), 475-483. http://dx.doi.org/10.1016/j.ecss.2005.11.034. 632 
Marbà, N., Krause-Jensen, D., Alcoverro, T., Birk, S., Pedersen, A., Neto, J. M., Orfanidis, S., Garmendia, 633 
J.M., Muxika, I., Borja, A., 2013. Diversity of European seagrass indicators: patterns within and 634 
across regions. Hydrobiologia 704 (1), 265-278. http://dx.doi.org/10.1007/s10750-012-1403-7 635 
Marbà, N., Díaz-Almela, E., Duarte, C. M., 2014. Medit rranean seagrass (Posidonia oceanica) loss 636 
between 1842 and 2009. Biological Conservation 176, 183-190. 637 
http://dx.doi.org/10.1016/j.biocon.2014.05.024. 638 
Martínez-Crego, B., Vergés, A., Alcoverro, T., Romero, J., 2008. Selection of multiple seagrass indicators 639 
for environmental biomonitoring. Marine Ecology Prog ess Series 361, 93-109. 640 
http://dx.doi.org/10.3354/meps07358. 641 
Massa, F., Onofri, L., Fezzardi, D., 2017. Aquaculture in the Mediterranean and the Black Sea: a Blue 642 
Growth perspective. Paulo A.L.D., Lisa Emelia, S., Anil, M., (Eds.), Handbook on the economics 643 
and management of sustainable oceans. Edward Elgar- UnEnvironment. pp. 93-123. 644 
McMahon, K., Collier, C., Lavery, P. S., 2013. Identifying robust bioindicators of light stress in seagr sses: 645 
A meta-analysis. Ecological indicators 30, 7-15. http://dx.doi.org/10.1016/j.ecolind.2013.01.030. 646 
Molenaar, H., Barthélémy, D., De Reffye, P., Meinesz, A., Mialet-Serra, I., 2000. Modelling architecture 647 
and growth patterns of Posidonia oceanica. Aquatic Botany 66 (2), 85–99. 648 
http://dx.doi.org/10.1016/S0304-3770(99)00071-6. 649 
Montefalcone, M., Albertelli, G., Morri, C., Parravicini, V., Bianchi, C. N., 2009. Legal protection is not 650 
enough: Posidonia oceanica meadows in marine protected areas are not healthier t an those in 651 
unprotected areas of the northwest Mediterranean Se. Marine Pollution Bulletin 58 (4), 515-519. 652 
http://dx.doi.org/10.1016/j.marpolbul.2008.12.001. 653 
Orth, R. J., Carruthers, T. J., Dennison, W. C., Duarte, C. M., Fourqurean, J. W., Heck, K. L., Hughes, 654 
A.R., Kendrick, G.A., Kenworthy, W.J., Olyarnik, S., 2006. A global crisis for seagrass ecosystems. 655 
BioScience 56 (12), 987-996. http://dx.doi.org/10.164 /0006-656 
3568(2006)56[987:AGCFSE]2.0.CO;2. 657 
Pérez, M., García, T., Invers, O., Ruiz, J. M., 2008. Physiological responses of the seagrass Po idonia 658 
oceanica as indicators of fish farm impact. Marine Pollution Bulletin 56 (5), 869-879. 659 
http://dx.doi.org/10.1016/j.marpolbul.2008.02.001. 660 
Pergent, G., 1990. Lepidochronological analysis of the seagrass Posidonia oceanica (L.) Delile: a 661 
standardized approach. Aquatic Botany 37 (1), 39-54. http://dx.doi.org/10.1016/0304-662 
3770(90)90063-Q. 663 
Pergent, G., Pergent-Martini, C., 1991. Leaf renewal cycle and primary production of Posidonia oceanica 664 
in the bay of Lacco Ameno (Ischia, Italy) using lepidochronological analysis. Aquatic Botany 42 (1), 665 
49-66. http://dx.doi.org/10.1016/0304-3770(91)90105-E. 666 
Pergent, G., Pergent-Martini, C., Boudouresque, C.-F., 1995. Utilisation de l'herbier à Posidonia oceanica 667 
comme indicateur biologique de la qualité du milieu l ttoral en Méditerranée: état des connaissances. 668 
Mésogée 54, 3-27.  669 
Pergent, G., Mendez, S., Pergent-Martini, C., Pasqulini, V., 1999. Preliminary data on the impact of fish 670 
farming facilities on Posidonia oceanica meadows in the Mediterranean. Oceanologica Acta 22 (1), 671 
95-107. http://dx.doi.org/10.1016/S0399-1784(99)80036-X. 672 
Pergent, G., 2007. Protocol for the setting up of Posidonia meadows monitoring systems. « MedPosidonia 673 
» Programme / RAC/SPA - TOTAL Corporate Foundation for Biodiversity and the Sea; 674 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
29 
 
Memorandum of Understanding N°21/2007/RAC/SPA_MedPosidonia Nautilus-Okianos. pp. 24 + 675 
Annexes. 676 
Pergent, G., Bazairi, H., Bianchi, C. N., Boudouresque, C. F., Buia, M. C., Calvo, S., Clabaut, P., 677 
Harmelin-Vivien, M., Mateo, M.A., Montefalcone, M., Morri, C., Orfanidis, S., Pergent-Martini, C., 678 
Semroud, R., Serrano, O., Thibaut, T., Tomasello, A., Verlaque, M., 2014. Climate change and 679 
Mediterranean seagrass meadows: a synopsis for envionmental managers. Mediterranean Marine 680 
Science 15 (2), 12. http://dx.doi.org/10.12681/mms.621  681 
Pergent, G., Pergent-Martini, C., Bein, A., Dedeken, M., Oberti, P., Orsini, A., Santucci, J-F., Short, F., 682 
2015. Dynamic of Posidonia oceanica seagrass meadows in the northwestern Mediterranean: Could 683 
climate change be to blame? Comptes rendus biologies 338 (7), 484-493. 684 
http://dx.doi.org/10.1016/j.crvi.2015.04.011. 685 
Pergent‐Martini, C., Boudouresque, C. F., Pasqualini, V., Pergent, G., 2006. Impact of fish farming 686 
facilities on Posidonia oceanica meadows: a review. Marine Ecology 27 (4), 310-319. 687 
http://dx.doi.org/10.1111/j.1439-0485.2006.00122.x. 688 
Piazzi, L., Balata, D., Ceccherelli, G., 2016. Epiphyte assemblages of the Mediterranean seagrass 689 
Posidonia oceanica: an overview. Marine Ecology 37 (1), 3-41. 690 
http://dx.doi.org/10.1111/maec.12331. 691 
Randone M., Di Carlo G., Marco, C., 2017. Reviving the economy of the Mediterranean Sea: Actions for a 692 
Sustainable Future. Retrieved from Rome, Italy: 693 
http://awsassets.wwfffr.panda.org/downloads/170927_rapport_reviving_mediterranean_sea_econom694 
y.pdf 695 
Roca, G., Alcoverro, T., de Torres, M., Manzanera, M., Martínez-Crego, B., Bennett, S., Farina, S., Pérez, 696 
M., Romero, J., 2015. Detecting water quality improvement along the Catalan coast (Spain) using 697 
stress-specific biochemical seagrass indicators. Ecological indicators 54, 161-170. 698 
http://dx.doi.org/10.1016/j.ecolind.2015.02.031. 699 
Roca, G., Alcoverro, T., Krause-Jensen, D., Balsby, T. J. S., van Katwijk, M. M., Marbà, N., Santos, R.700 
Arthur, R., Mascaró, O., Fernández-Torquemada, Y., 2016. Response of seagrass indicators to shifts 701 
in environmental stressors: A global review and management synthesis. Ecological indicators 63, 702 
310-323. http://dx.doi.org/10.1016/j.ecolind.2015.12.007. 703 
Rountos, K. J., Peterson, B. J., Karakassis, I., 2012. Indirect effects of fish cage aquaculture on shallow 704 
Posidonia oceanica seagrass patches in coastal Greek waters. Aquacultre Environment Interactions 705 
2 (2), 105-115. http://dx.doi.org/10.3354/aei00037.  706 
Ruiz, J. M., Pérez, M., Romero, J., 2001. Effects of fish farm loadings on seagrass (Posidonia oceanica) 707 
distribution, growth and photosynthesis. Marine Pollution Bulletin 42 (9), 749-760. 708 
http://dx.doi.org/10.1016/S0025-326X(00)00215-0. 709 
Ruiz, J., Marco-Méndez, C., Sánchez-Lizaso, J., 2010. Remote influence of off-shore fish farm waste on 710 
Mediterranean seagrass (Posidonia oceanica) meadows. Marine environmental research 69 (3), 118-711 
126. http://dx.doi.org/10.1016/j.marenvres.2009.09.0 2  712 
Sarà, G., Scilipoti, D., Milazzo, M., Modica, A., 2006. Use of stable isotopes to investigate dispersal of 713 
waste from fish farms as a function of hydrodynamics. Marine Ecology Progress Series 313, 261-714 
270. http://dx.doi.org/10.3354/meps313261. 715 
Schultz, S. T., Kruschel, C., Bakran-Petricioli, T.Petricioli, D., 2015. Error, power, and blind sentinels: 716 
The statistics of seagrass monitoring. PloS one 10 (9), e0138378. http://dx.doi.org/10(9): e0138378. 717 
http://dx.doi.org/10.1371/journal.pone.0138378. 718 
Telesca, L., Belluscio, A., Criscoli, A., Ardizzone, G., Apostolaki, E. T., Fraschetti, S., Gristina, M., 719 
Knittweis, L., Martin, C.S., Pergent, G., Alagna, A., Badalamenti, F., Garofalo, G., Gerakaris, V., 720 
Louise Pace, M., Pergent-Martini, C., Salomidi, M.,2015. Seagrass meadows (Posidonia oceanica) 721 
distribution and trajectories of change. Scientific reports 5, 12505. 722 
http://dx.doi.org/10.1038/srep12505. 723 
Tonidandel, S., LeBreton, J. M., 2011. Relative importance analysis: A useful supplement to regression 724 
analysis. Journal of Business and Psychology 26 (1), 1-9. http://dx.doi.org/10.1007/s10869-010-725 
9204-3. 726 
Waycott, M., Duarte, C. M., Carruthers, T. J., Orth, R. J., Dennison, W. C., Olyarnik, S., Calladine, A., 727 
Fourqurean, J.W., Heck, K.L., Hughes, A. R., 2009. Accelerating loss of seagrasses across the globe 728 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
30 
 
threatens coastal ecosystems. Proceedings of the National Academy of Sciences 106 (30), 12377-729 
12381. http://dx.doi.org/10.1073/pnas.0905620106.  730 
Wickham, H., 2009. ggplot2: Elegant Graphics for Data Analysis Springer-Verlag. New York.  731 
Zodiatis, G., Lardner, R., Georgiou, G., Demirov, E. Manzella, G., Pinardi, N., 2003. An operational 732 
European global ocean observing system for the eastern Mediterranean Levantine basin: the Cyprus 733 
coastal ocean forecasting and observing system. Marine Technology Society Journal 37 (3), 115-734 
123. http://dx.doi.org/10.4031/002533203787537212. 735 
Zodiatis, G., Lardner, R., Hayes, D., Georgiou, G.,Sofianos, S., Skliris, N., Lascaratos, A., 2008. 736 
Operational ocean forecasting in the Eastern Mediterran an: implementation and evaluation. Ocean 737 
Science, 4 (1), 31-47. http://dx.doi.org/10.5194/os-4-31-2008.   738 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Highlights 
• Around Cyprus, fish farming initially operated shallow cages over seagrass meadows. 
The farms expanded rapidly but cages moved away from the seagrass beds to mitigate 
impacts. 
• Four seagrass monitoring systems were set up near fish farms and decommissioned 
sites.  
• Data collection was repeated from the same fixed-plots about five years later.  
• Progression of previously impacted seagrass beds was noted and present-day farms, 
located in deep water, are not preventing nearby seagrass meadow growth. 
   
